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We present a feasibility study of a simultaneous sub-percent extraction of the weak charge and
the weak radius of the 12C nucleus using parity-violating electron scattering, based on a largely
model-independent assessment of the uncertainties. The corresponding measurement is considered
to be carried out at the future MESA facility in Mainz with Ebeam = 155 MeV. We find that a
combination of a 0.3% precise measurement of the parity-violating asymmetry at forward angles
with a 10% measurement at backward angles will allow to determine the weak charge and the weak
radius of 12C with 0.4% and 0.5% precision, respectively. These values could be improved to 0.3%
and 0.2% for a 3% backward measurement. This experimental program will have impact on precision
low-energy tests in the electroweak sector and nuclear structure.
Precise measurements of the parameters of the stan-
dard model (SM) are among the main tools to search for
or constrain hypothetical contributions from physics be-
yond the SM. The central parameter of the electroweak
sector of the SM is the weak mixing angle θW describing
the mixing of the SU(2) and U(1) gauge boson fields,
which results in the emergence of the physical fields, the
massless photon and the massive Z0. Its sine squared,
sin2 θW , is related to the vector charge of SM fermions
with respect to the weak neutral current and can be ac-
cessed in various processes and at different energy scales:
from Z-pole measurements at colliders [1, 2], including
the LHCb [3], ATLAS [4] and CMS [5] experiments, to
deep inelastic scattering with electrons [6, 7] and neutri-
nos [8], to parity violation in atoms [9, 10] and to parity-
violating electron scattering (PVES) off protons [11] and
electrons [12]. To connect these measurements across the
relevant energy scales, the SM running at the one-loop
level needs to be taken into account [13, 14]. Currently,
this running is theoretically known at the relative level
of ∼ 8× 10−5, which provides the basis for an ambitious
experimental program at low energies: an ongoing effort
in atomic parity violation [15, 16] has the goal to measure
the weak charges of heavy nuclei and chains of nuclear
isotopes at the per mille precision. The Qweak experi-
ment [11] has recently extracted sin2 θW from low-energy
PVES to 0.5% accuracy. P2@MESA [17] and MOLLER
[18] aim at improving that result by a factor of 4 and 6,
respectively. Further plans involve deep-inelastic electron
scattering with SOLID [19].
Apart from tests of the SM, PVES has also been used
to address aspects of nucleon and nuclear structure that
are elusive to photons. PVES off heavy nuclei with a
neutron excess is used to determine the neutron skin
[20]—the difference in the radii of the neutron and proton
distributions—with the goal of constraining the equation-
of-state (EOS) of neutron rich matter [21]. The lead (Pb)
Radius EXperiment (PREX) [22] has provided the first
model-independent evidence in favor of a neutron-rich
skin in 208Pb [23]. Further experiments with an improved
precision are presently being analysed [24], running [25],
or planned [17]. PVES off the proton and light nuclei
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FIG. 1. One-photon exchange and Z0 exchange diagrams.
has been extensively used to determine the strange quark
content of the nucleon [26].
In this letter we consider the parity-violating asymme-
try which is defined as the difference between the cross
sections for elastic scattering of longitudinally polarized
electrons off an unpolarized target,
APV =
σR − σL
σR + σL
, (1)
where σR (σL) stands for the cross section with right-
handed (left-handed) electron polarization. The asym-
metry arises from the interference between the ampli-
tudes due to the exchange of a virtual photon and the
corresponding one for a virtual Z0 boson, as shown in
Fig. 1. By conveniently factoring out the Fermi con-
stant GF , the fine structure constant α, the 4-momentum
transfer squared Q2, and the ratio of the weak, QW , to
the electric, Z, nuclear charge, the PV asymmetry for a
spinless nucleus consisting of Z protons and N neutrons
takes the following form:
APV = − GFQ
2
4
√
2piα
QW
Z
(1 + ∆), (2)
where a plane-wave Born (“tree-level”) approximation
was assumed. The weak nuclear charge is given by
QW (Z,N) = Z(1−4 sin2 θW )−N , so in the case of 12C
it becomes proportional to the sine-squared of the weak
mixing angle [27]: QW (6, 6)=−24 sin2 θW .
Given that the interaction of the electron with the nu-
cleus involves only the conserved hadronic vector current,
the “correction” term ∆ in Eq. (2) vanishes at Q2 = 0.
However, nuclear and hadronic structure contribute to ∆
at non-zero Q2. Indeed, to leading order in α,
∆ ≡ Fwk(Q2)/Fch(Q2)− 1 (3)
is given by the ratio of the weak Fwk to the charge form
factor Fch. Both form factors are normalized to unity
at Q2 = 0. Each of the form factors is related to the
corresponding spatial distributions of charge by a three-
dimensional Fourier transform,
F (Q2) =
∫
ρ(r)eiq·rd3r, with |q|≡
√
Q2. (4)
Note that the normalization of the form factor at Q2=0
implies that
∫
ρ(r)d3r = 1. At low Q2, the form factors
may be expanded in terms of various moments of their
spatial distribution,
F (Q2) = 1− Q
2
3!
〈r2〉+ Q
4
5!
〈r4〉+O(Q6), (5)
where the second term defines the root-mean-square ra-
dius of the spatial distribution, namely,
R2 ≡ 〈r2〉 =
∫
r2ρ(r)d3r. (6)
Thus, to lowest order in Q2, ∆ is proportional to the
weak skin of the nucleus:
∆ = −Q
2
3
RwskinRch +O(Q2R2wskin). (7)
The weak skin Rwskin≡Rwk−Rch, or, equivalently,
λ =
Rwk −Rch
Rch
, (8)
contains as much information as the neutron skin. How-
ever, unlike the neutron skin, the weak skin is a genuine
physical observable.
Two terms in Eq. (2) are of great interest: the weak
mixing angle θW encoded in the weak charge [11, 17] and
the ratio of nuclear form factors appearing in ∆; to access
the former one must constrain the latter. Conversely, to
extract nucleon- or nuclear-structure information from
PVES, such as the strange quark content of the nucleon
[26] or the weak skin of heavy nuclei [23], one assumes
thatQW is precisely known, so the measurement provides
a constraint on ∆. In this work we explore the possibility
of a precise determination of both—the weak charge and
the weak skin of 12C—within one single experiment.
The P2 experimental program at the MESA facility in
Mainz [17] includes a plan aiming for a 0.3% determi-
nation of the weak charge of 12C. Given this ambitious
goal, the tree-level formula of Eq. (7)—even when includ-
ing higher-order terms in the Q2 expansion—is not accu-
rate enough. Order-α radiative corrections, particularly
Coulomb distortions which scale as Zα, should be in-
cluded. To properly account for Coulomb distortions, we
follow the formalism developed by one of us in Ref. [28].
The electron wave function Ψ satisfies the Dirac equation(
α · p+ βm+ V (r) + γ5A(r)
)
Ψ(r) = EΨ(r), (9)
where m is the electron mass, α, β, and γ5 are Dirac
matrices, and V (r) and A(r) are the vector (Coulomb)
and axial-vector components of the potential, respec-
tively [28]. Here E stands for the electron energy in
the center of mass frame [29] which is related (neglect-
ing the electron mass) to the laboratory energy Ebeam by
Ebeam/E=
√
1+2Ebeam/M with M the nuclear mass.
The Coulomb potential is computed from the experi-
mentally known nuclear charge distribution via
V (r) = −Zα
∫
ρch(r
′)
|r− r′|d
3r′. (10)
3The axial-vector potential for a point-like weak charge is
short range A(r)∝δ3(r), but acquires a finite range due
to the finite size of the nuclear weak charge distribution.
That is,
A(r) =
GFQW
2
√
2
ρwk(r). (11)
The Dirac equation displayed in Eq. (9) is solved numer-
ically using the ELSEPA package [30], properly modified
to include the axial-vector potential [31, 32]. The intrin-
sic relative precision of the computation of APV is of the
order 10−4 − 10−5, and in a calculation at the per mille
level there are only genuine uncertainties of ρwk itself.
For the nuclear charge distribution of 12C we use the
parametrization of the world data on elastic electron-
carbon scattering in the form of a sum of Gaussians [33].
The fact that the charge density of 12C and its charge
radius Rch = 2.4702(22) fm [34] are known with high
precision serves as the basis for an accurate extraction
of sin2 θW and of Rwk from a measured A
PV. A possible
avenue is to rely on models to produce a range of pre-
dictions for ρwk which is then used to directly fit the PV
asymmetry to determine the value of the weak radius,
as was done in the case of the PREX. One choice for
parametrizing the weak charge distribution is the two-
parameter symmetrized Fermi distribution,
ρwk(r) = ρ
SF
(r, c, a) = ρ
0
sinh(c/a)
cosh (r/a) + cosh(c/a)
,
ρ
0
=
3
4pic (c2 + pi2a2)
, (12)
with c and a the half-density radius and surface diffuse-
ness, respectively, and ρ
SF
is normalized to unity. The ad-
vantage of the symmetrized Fermi parametrization, apart
from its simplicity, is that its form factor and all of its
moments are known analytically [35]. In particular, the
mean-square radius of the distribution is
R2SF =
3
5
c2 +
7
5
pi2a2. (13)
In Fig. 2 we show results for the PV asymmetry at a
fixed electron beam energy of Ebeam=155 MeV as a func-
tion of the laboratory scattering angle θ and momentum
transfer q. Results are displayed in both a plane-wave
(tree-level) approximation and with Coulomb distortions.
The two distorted-wave calculations use ρwk = ρch (no
skin) and ρwk = ρSF(r, c = 2.07 fm, a = 0.494 fm) with
Rwk=2.44 fm which falls within the range of values of a
representative set of nuclear-structure models [36–38].We
observe a strong dependence of the PV asymmetry on
the value of the weak skin, especially at backward an-
gles. We also find that it is important to include ef-
fects due to Coulomb distortions. Our results displayed
in Fig. 2 are qualitatively similar to those obtained in
Ref. [39], but a quantitative comparison is difficult be-
cause of different perspectives adopted in the calculation
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FIG. 2. The PV asymmetry for elastic electron scattering
off 12C at Ebeam = 155 MeV as a function of the scattering
angle θ (lower x-axis) and of the momentum transfer q=
√
Q2
(upper x-axis). We show the plane-wave (tree-level) result
with ρwk=ρch (red dotted curve) and the Coulomb distorted
(CD) predictions with ρwk=ρch (blue dotted curve) and with
ρwk=ρSF(r, c=2.07 fm, a=0.494 fm) (solid orange curve).
of the weak charge density, and several kinematic approx-
imations used in that work.
Unfortunately, the choice of a particular form for the
weak charge distribution introduces model dependence
that may be difficult to quantify when extracting weak
charge and radius from a measurement of APV: models
that predict different values for the weak radius would
generally differ in all the higher moments of the weak
charge distribution, as well. To unambiguously disentan-
gle the effect of the weak skin, we propose a different
method. Given the N = Z character of 12C, its weak
charge distribution is expected to follow closely the elec-
tric charge distribution. We introduce the small differ-
ence between the two, the “weak-skin” distribution
ρwskin(r)≡ρwk(r)−ρch(r). (14)
Note that ρwskin is the spatial analogue of the weak-
skin form factor depicted in Figs. 3 and 6 of Ref. [20].
ρwskin(r) is normalized to zero and its second moment
can be fixed to∫
ρwskin(r)r
2d3r = R2wk−R2ch = 2λR2ch +O(λ2). (15)
This allows us to write
ρwskin(r) = λρ¯(r; ζ), (16)
where ζ is representative of the model dependence. This
parametrization is advantageous because it allows to ex-
plicitly separate the dependence on λ from the effects of
the higher moments of the weak charge density encapsu-
lated in a (set of) model parameter(s) ζ. For example,
4assuming the symmetrized Fermi parametrization of ρwk
as in Eq. (12), one would find
ρwskin(r) = (λ/λSF)
(
ρ
SF
(r, c, a)− ρch(r)
)
. (17)
with λSF = λSF(c, a) = RSF(c, a)/Rch − 1.
This parametrization corresponds to rewriting ∆ in
Eq. (3) as
∆ = −λ
3
Q2R2ch +
(
Fwk
Fch
− 1 + λ
3
Q2R2ch
)
,
= −λ
3
Q2R2ch +
[
λ
λSF
(
FSF
Fch
− 1
)
+
λ
3
Q2R2ch
]
, (18)
and the low-Q2 expansion of the term in the square brack-
ets starts at the order Q4 by construction. The nuclear
models [36–38] are used here—not to predict the distri-
bution of weak charge in 12C, but rather—to determine
the range of values that need to be explored to quantify
the uncertainty in ∆. These models, all informed by the
charge radii and binding energies of a variety of nuclei
including 12C, predict |λSF|. 2% with the central value
λ0=−0.90%.
To address the possibility to determine the weak charge
of 12C with a precision of 0.3% in the P2 experiment, we
study the sensitivity of the PV asymmetry to nuclear-
structure uncertainties. In Fig. 3 we display results for
APV as a function of λ for an incident electron energy of
Ebeam=155 MeV and two fixed scattering angles: θ=29
◦
(upper panel) and θ = 145◦ (lower panel). The central
blue line corresponds with the second term in Eq. (18)
fixed at a central value of Fwk consistent with the model
predictions. The blue band around the central line indi-
cates the spread of the model predictions for Fwk. The
pink-shaded band in the θ = 29◦ plot indicates the an-
ticipated 0.3% precision in APV. From the sensitivity
of the forward angle measurement to λ shown in Fig. 3,
one concludes that λ should be known with a precision
of 0.6% or better to constrain the weak charge of 12C
to about 0.3%. Given that the nuclear models suggest
a larger uncertainty in λ, we conclude that with a sin-
gle measurement and theory input alone this task is not
feasible.
Another option is to employ a second measurement of
APV at 145◦ (the lower panel of Fig. 3) to constrain the
value of λ to a narrower range. It is seen that varying λ
in the adopted range translates into a ±24% variation in
the asymmetry. Hence, a measurement at this backward
kinematical setting with a higher precision will reduce the
range of values of λ and ultimately guarantee a precise
extraction of the weak mixing angle from a combination
of the two measurements. To a very good approximation
the λ-dependence of APV seen in Fig. 3 is linear and we
can write
APV = − GFQ
2
4
√
2piα
QW
Z
(
1 + p0 + (p1 + p2ζ)λ
)
, (19)
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FIG. 3. The PV asymmetry at P2 with Ebeam=155 MeV for
the forward (θ=29◦, upper plot) and backward measurement
(θ = 145◦, lower plot) as a function of the skin parameter
λ. The pink-shaded band in the θ= 29◦ (θ= 145◦) plot indi-
cates the anticipated (suggested) 0.3% (7%) precision in APV.
The blue band describes the residual model dependence as ex-
plained in the text. The vertical and horizontal dashed lines
correspond to λ=λ0 and A
PV(λ)=APV(λ0), respectively.
so that the effect of varying ζ is depicted by the blue
bands in Fig. 3. The parameter ζ can be chosen in such a
way that ζ = ζ0 = 0 corresponds to the central prediction
and ζ = ±1 to the upper and lower limits of the error
band. Results of the distorted-wave calculation of the
coefficients p0, p1, and p2 are provided in Appendix.
We perform a χ2-fit of the combined forward (APVf )
and backward (APVb ) measurements with respect to the
three free parameters sin2θW , λ and ζ. That is,
χ2(sin2θW , λ, ζ) = (20)∑
i=f,b
(
Aexpi −APVi (sin2θW , λ, ζ)
δAi
)2
+
(
ζ − ζ0
δζ
)2
.
We assume that the experimental values Aexpi agree with
the SM prediction, for which we choose the central value
λ=λ0. The experimental uncertainties are given by δAi.
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FIG. 4. 1σ-error regions from a fit of two expected mea-
surements at forward and backward angles to the weak mix-
ing angle, the skin parameter λ and the model parameter ζ.
The plot shows the projection onto the sin2 θW -λ-plane. The
green, brown and blue ellipses correspond to three assump-
tions for the precision b of the backward measurement (10%,
7%, 3%) while the precision of the forward measurement was
always assumed to be 0.3%.
The last term in Eq. (20) encodes our biases for the ex-
pected range of values of ζ, and we have chosen δζ = 1.
The 1σ-allowed range for sin2θW and λ is obtained by
solving χ2(sin2 θW , λ, ζ) = 1. In Fig. 4 we show the pro-
jection of the χ2=1 solution onto the sin2θW -λ-plane for
three different choices of the precision of the backward-
angle measurement. The accuracy of the forward mea-
surement remains fixed at 0.3%. The covariance ellipses
in Fig. 4 suggest that sin2θW and λ are correlated and
their correlation decreases with increasing accuracy of
the backward measurement. Moreover, fractional uncer-
tainties are given by: δ sin2 θW / sin
2θW = ±0.39% for
δAb/A
PV
b = 10% and δ sin
2 θW / sin
2 θW = ±0.35% for
δAb/A
PV
b = 7%. An even higher precision of the back-
ward measurement, 3%, results in a reduction in the un-
certainty of the weak mixing angle to δ sin2θW / sin
2 θW =
±0.32%. At this point the uncertainty starts being dom-
inated by the forward measurement, so further improve-
ment to the backward measurement has no impact on the
precision of sin2θW .
In summary, we presented an ambitious proposal for
a simultaneous sub-percent determination of the weak
charge and weak radius of 12C using parity-violating elec-
tron scattering at the upcoming MESA facility in Mainz.
We demonstrated that to take full advantage of an un-
precedented 0.3% precision aimed for in the forward kine-
matical setting of P2 [17], an additional 3−7% measure-
ment at a backward angle of 145◦ will ensure a largely
model-independent extraction of sin2θW with a relative
precision of 0.32−0.35% and determination of Rwk within
0.19−0.35% of Rch. Note that a similar combination of
forward and backward measurements on the proton is
planned as part of the P2 experiment [17], which makes
the proposal presented in this letter a viable and attrac-
tive possibility.
Whereas the weak skin of 12C and other symmetric nu-
clei does not constrain the nuclear EOS, its exact value
will help quantifying generic isospin symmetry-breaking
(ISB) effects. Coulomb repulsion among the protons
inside a nucleus and other ISB mechanisms lead to a
mismatch in the distribution of neutrons and protons
therein. Along with generating the proton (and weak)
skin of symmetric nuclei, ISB contributions play a ma-
jor role in the analysis of superallowed nuclear β decays
and the extraction of Vud [40]. Importantly, in all pairs
of nuclei involved in the known superallowed β transi-
tions, either the parent or the daughter nucleus is sym-
metric. Therefore, precise information on weak skins of
the (nearly) symmetric parent and daughter nuclei will
have an impact on the tests of unitarity of the Cabibbo-
Kobayashi-Maskawa matrix and New Physics searches
with superallowed nuclear β decays.
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APPENDIX: SUPPLEMENTAL MATERIAL
In Table I we provide parameters of nuclear models
used in our calculation of the parity-violating asymme-
try and parameters ζf (ζb) determined as a result of the
6calculation which accounts for Coulomb distortion effects
at forward (backward) scattering angles.
TABLE I.
Model c, fm a, fm RSF, fm λSF,% ζf ζb
RMF016 2.06065 0.49389 2.43274 −1.52 −1.00 −1.00
RMF022 2.06849 0.49445 2.43830 −1.29 −0.80 −0.30
RMF028 2.07585 0.49544 2.44482 −1.03 −0.44 +1.00
RMF032 2.06421 0.49433 2.43578 −1.39 −0.89 −0.62
SMC12 2.22693 0.47318 2.46358 −0.27 +1.00 +0.59
The first four models listed in Table I fall under the
general rubric of covariant (or relativistic) energy den-
sity functionals. The models are based on an underly-
ing Lagrangian density that includes nucleons interact-
ing via the exchange of various mesons and the pho-
ton. In addition, nonlinear meson interactions are in-
cluded to account for many-body forces. The calibra-
tion of the handful of model parameters is informed by
ground-state properties of finite nuclei, their collective
response, and constraints on the maximum neutron-star
mass [36]. Incorporated in the ground state properties
are charge radii of a variety of magic and semi-magic nu-
clei, including 12C. The outcome of the calibration pro-
cedure is an optimal set of parameters together with a
covariance matrix that properly accounts for statistical
uncertainties and correlations. The fitting protocol for
all the models is identical save one important distinction:
the assumed value for the yet to be determined neutron
skin thickness of 208Pb (R208skin). Indeed, the neutron skin
thickness of 208Pb is allowed to vary over the range of
R208skin=(0.16−0.32) fm [37].
The model named SMC12 is a non-relativistic energy
density functional of the Skyrme type. SMC12 has been
devised to reproduce the binding energy (B) and charge
radii (Rch) of
12C without compromising the accuracy
in the description of other observables along the nuclear
chart. Specifically, the fitting protocol has been based
on that of the SAMi interaction [38] with the following
modifications: i) inclusion of 12C data (B and Rch); and
ii) relaxation of the weight on the pure neutron matter
equation of state. This allowed us to accommodate the
new data within the presented model. As an example, the
experimental charge radii and nuclear masses of 12C, 16O,
40Ca, 48Ca, 90Zr, and 208Pb are reproduced to better
than 1% accuracy, except for the binding energy of the
two Calcium isotopes which are accurate at the percent
level. This example justifies the reliability of the model
for the present study.
In Fig. 5 we present an example of the calculation
which accounts for Coulomb distortion effects at forward
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FIG. 5. Predictions for APV at θ=29◦ and θ=145◦.
(θ=29◦) and backward (θ=145◦) scattering angles.
In Table II we provide the coefficients p0, p1, and p2
obtained as a result of the calculation which accounts for
Coulomb distortion effects at forward and backward scat-
tering angles. These coefficients are defined by Eq. (19).
TABLE II.
Coefficient θ=29◦ θ=145◦
p0 +0.04005 +0.09586
p1 −0.50612 −29.5132
p2 −0.06969 −3.86420
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